The frequency ratios r 10 and r 01 of HD 49933 exhibit an increase at high frequencies. This behavior also exists in the ratios of other stars, which is considered to result from the low signal-tonoise ratio and the larger linewidth at the high-frequency end and could not be predicted by stellar models in previous work. Our calculations show that the behavior not only can be reproduced by stellar models, but can be predicted by asymptotic formulas of the ratios. The frequency ratios of the Sun, too, can be reproduced well by the asymptotic formulas. The increased behavior derives from the fact that the gradient of mean molecular weight at the bottom of the radiative region hinders the propagation of p-modes, while the hindrance does not exist in the convective core. This behavior should exist in the ratios of stars with a large convective core. The characteristic of the ratios at high frequencies provides a strict constraint on stellar models and aids in determining the size of the convective core and the extent of overshooting. Observational constraints point to a star with M = 1.28 ± 0.01 M ⊙ , R = 1.458 ± 0.005 R ⊙ , t = 1.83 ± 0.1 Gyr, r cc = 0.16 ± 0.02 R ⊙ , α = 1.85 ± 0.05, and δ ov = 0.6 ± 0.2 for HD 49933.
ASTEROSEISMIC ANALYSIS OF THE CoRoT TARGET HD 49933
Zhie Asteroseismology has proved to be a powerful tool for determining the fundamental parameters of stars, probing the internal structure of stars, and diagnosing physical processes in stellar interiors (Eggenberger et al. 2005 (Eggenberger et al. , 2006 Yang & Bi 2007b; Stello et al. 2009; Christensen-Dalsgaard & Houdek 2010; Yang et al. 2010 Yang et al. , 2011 Yang et al. , 2012 Silva Aguirre et al. 2013) . Stars with masses between about 1.1 and 1.5 M ⊙ have a convective core during their main sequence (MS). At the same time, however, solarlike oscillations may be present in such stars, with a convective core increasing in size during the initial stage of the MS of these stars before the core begins to shrink. The presence of the convective core brings to the fore the question of the mixing of elements in the stellar interior caused by the core's overshooting, which prolongs the lifetime of the burning of core hydrogen by feeding more H-rich material into the core. In the current theory of stellar evolution, the overshooting of the convective core is generally described by a free parameter δ ov . However, the uncertainty in the mass and extension of the convective core due to overshooting directly affects the determination of the global parameters of the stars by asteroseismology or other studies based on stellar evolution (Mazumdar et al. 2006) . Especially for stars with a mass of around 1.1 M ⊙ , there may or may not exist a convective core in their interior, depending on the input physics used in the computation of their evolutions (Christensen-Dalsgaard & Houdek 2010) . Thus determining the presence of the convective core and its extension is important for understanding the structure and evolution of stars.
There is no a direct method to determine the size of a convective core or the extension of overshooting. Fortunately, however, the low-l p-modes can penetrate into the innermost layers of stars, which offers an opportunity to probe the convective core. Determining the size and extension of a convective core by means of asteroseismology was first studied by Mazumdar et al. (2006) . However, for most of solar-like oscillating stars, the uncertainty of the frequencies of modes with l = 2 and 3 is generally larger than that of modes with l = 0 and 1; and the frequencies of modes with l = 3 are usually not extracted. Thus it is difficult to obtain the quantities θ and η defined by Mazumdar et al. (2006) or the expression suggested by Cunha & Metcalfe (2007) .
The small spacings d 10 (n) ≡ − 1 2 (−ν n,0 + 2ν n,1 − ν n+1,0 )
and d 01 (n) ≡ 1 2 (−ν n,1 + 2ν n,0 − ν n−1,1 )
defined by Roxburgh (1993) and Roxburgh & Vorontsov (2003) can be used to diagnose the convective core of stars. In calculation, equations (1) and (2) are generally rewritten as the smoother fivepoint separations (Roxburgh & Vorontsov 2003) . By using this tool, Deheuvels et al. (2010) studied the solar-like pulsator HD 203608. They found that the presence or absence of a convective core in stars can be indicated by the small spacings and that the star HD 203608 with M ≃ 0.94 M ⊙ and t ≃ 6.7 Gyr in fact has a convective core. For their part, Brandão et al. (2010) found that the slope of d 01 relates to the size of the jump in the sound speed at the edge of the convective core. De Meulenaer et al. (2010) studied the oscillations of α Centauri A (1.105 ± 0.007 M ⊙ ) and concluded that the d 01 allows one to set an upper limit to the amount of convective-core overshooting and that the model of α Centauri A with a radiative core reproduces the observed d 01 /∆ν (r 01 ) significantly better than the model with a convective core. Furthermore, Silva Aguirre et al.
(2011) analyzed the sensitivity of r 01 to the central conditions of stars during the MS evolution. They claimed that the presence of a convective core can be detected by r 01 . Using this asteroseismic tool, Silva Aguirre et al. (2013) tried to detect the convective core of Perky (KIC 6106415) and Dushera (KIC 12009504). They found that the mass of Perky is 1.11 ± 0.05 and that of Dushera is 1.15 ± 0.04 M ⊙ , and concluded that a convective core and core overshooting exist in Dushera, but could not determine whether a convective core exists in Perky.
Silva Aguirre et al. (2013) noted, moreover, that the frequency ratios r 01 and r 10 of Perky and Dushera have a sudden increase at high frequencies. They argued that this behavior results from the low signal-to-noise ratio and the larger line width at the high-frequency end and is not predicted by models. Thus they did not consider the frequency ratios on this regime in comparison with stellar models. If this behavior derives from the stellar interior structure and can be predicted by stellar models and pulsation theory, stellar models can be more strictly constrained by the ratios.
Research on HD 49933
The frequencies of p-modes of dozens of MS stars have been extracted (Appourchaux et al. 2012) . The frequencies of p-modes of HD 49933, which is an F5V MS star, have been determined by many authors (Mosser et al. 2005; Appourchaux et al. 2008; Benomar et al. 2009a,b; Kallinger et al. 2010) .
Combing asteroseismical and non-asteroseismical data, several authors (Piau et al 2009; Kallinger et al. 2010; Benomar et al. 2010; Creevey et al. 2011; Bigot et al. 2011 ) have investigated various properties of HD 49933. Piau et al (2009) concluded that the effect of rotation on HD 49933 is very weak, but that the diffusion of elements is important. Benomar et al. (2010) concluded that the overshooting of the convective core is needed, but that the microscopic diffusion may be unimportant. It seems to be difficult to reach a consensus about the mass of HD 49933. The mass determined by Piau et al (2009) is about 1.17 M ⊙ ; by Creevey et al. (2011) 1.1-1.2 M ⊙ ; by Benomar et al. (2010) 1.19 ± 0.08 M ⊙ ; by Bigot et al. (2011) similarly 1.20 ± 0.08 M ⊙ ; but by Kallinger et al. (2010) about 1.32 M ⊙ . The difference in mass determinations may result from whether consideration is given to the effects of core overshooting or microscopic diffusion. In any case, depending on the difference of mass, differences in other parameters obtained by these authors obviously exist.
Because HD 49933 may be more massive than HD 203608, α Cen A, Perky, and Dushera, it could have a convective core. Moreover, the increase in frequency ratios r 01 and r 10 at high frequencies also exists in it, making it a good target for determining the size of a convective core by means of asteroseismology and for studying the effects of a convective core on frequency ratios. Furthermore, there are the frequency shifts of its low-degree p-modes (Salabert et al. 2011) , which are understood arising from the effect of magnetic activity just as that found in the Sun. Hence, to determine the accurate stellar parameters of HD 49933 can be significant for understanding the structure and evolution of stars.
In present work, we focus mainly on determining accurate stellar parameters of HD 49933 and examining whether the increase in the frequency ratios at high frequencies can be predicted by pulsation theory and stellar models. In Section 2, we introduce our stellar models and perform a classical asteroseismic analysis. In Section 3, we show the calculated results; and in Section 4, we discuss and summarize our results.
STELLAR MODELS

Non-asteroseismic Observational Constraints
The luminosity of HD 49933 is 3.58 ± 0.1 L ⊙ (Michel et al. 2008; Kallinger et al. 2010) , and its radius is 1.42 ± 0.04 R ⊙ (Bigot et al. 2011) . Its effective temperature is between about 6467 and 6780 K (Gillon & Magain 2006) . Combining other data, we took an average effective temperature: T eff = 6647 ± 116 K. HD 49933 is a slightly metalpoor star with [Fe/H] between about -0.2 and -0.5 (Gillon & Magain 2006) . For Population I stars, the ratio of surface heavy-element abundance to hydrogen abundance is related to the Fe/H by [Fe/H] = log(Z/X) s − log(Z/X) ⊙ , where (Z/X) ⊙ is the ratio of the solar mixture. The most recent ratio of the heavy-element abundance to hydrogen abundance of the Sun, (Z/X) ⊙ , is 0.0171 (Asplund et al. 2004 ). There are, however, some discrepancies between the solar model constructed according to this new value and seismical results (Yang & Bi 2007a) . The old value of (Z/X) ⊙ is 0.023 (Grevesse & Sauval 1998) , which is in good agreement with the seismical results. The range of (Z/X) s for HD 49933 can be considered to be approximately between 0.0054 and 0.0145, i.e. (Z/X) s ≈ 0.010 ± 0.005. Considering the controversy about the value of (Z/X) ⊙ , the value of (Z/X) s in our calculations is used as a reference, but not applied to constraining stellar models.
In order to reproduce observed characteristics of HD 49933, we computed a grid of evolutionary tracks using the Yale Rotation Evolution Code (Pinsonneault et al. 1989; Guenther et al. 1992; Yang & Bi 2007a) . The OPAL EOS tables (Rogers & Nayfonov 2002) , OPAL opacity tables (Iglesias & Rogers 1996) , and the opacity tables for low temperature provided by Ferguson et al. (2005) were used. Energy transfer by convection is treated according to the standard mixing length theory. The diffusion of both helium and heavy elements is computed by using the diffusion coefficients of Thoul et al. (1994) . With the constraints mentioned above, we obtained hundreds of evolutionary tracks for HD 49933. The initial parameters of these tracks are summarized in Table 1 .
Asteroseismic Observational Constraints
The low-degree p-modes of HD 49933 were first identified by Appourchaux et al. (2008) and Benomar et al. (2009a) . Using longer CoRoT (Baglin et al. 2006 ) timeseries data of HD 49933, Benomar et al. (2009b) extracted the frequencies of the low-degree p-modes with less uncertainty. Nonetheless, the frequencies of the modes with l = 2 still have a large error (σ 2 µHz) due to the fact that these modes overlap with the l = 0 modes and that the rotational splitting is relatively large for HD 49933 (Benomar et al. 2009b ). Here we thus only used the frequencies of the modes with l = 0 and 1 to constrain our stellar models. For each observed frequency, we took the maximum error listed by Benomar et al. (2009b) at 1σ. The average large frequency separation ∆ν of these modes is 85.99 ± 0.33 µHz.
In order to find the set of modeling parame-ters (M, α, δ ov , Z i , X i , t) that leads to the best agreement with the observational constraints, we computed the value of χ 2 c of models on the grid. The function χ 2 c is defined as follows
where the quantity C obs i
and C theo i
are the observed and model values of T eff , L/L ⊙ , R/R ⊙ , and ∆ν, respectively. The observational uncertainty is indicated by σC obs i . We obtained more than fifty tracks which are shown in Figure 1 . The parameters of the models on these tracks can meet χ 2 c < 1. Then we computed the frequencies of lowdegree p-modes of the models on these tracks using the Guenther adiabatic pulsation code (Guenther 1994) , and we calculated the value of χ 2 ν of each model. The function χ 2 ν is defined as follows
where ν obs i
and ν theo i
are the observed and corresponding model eigenfrequencies of the ith mode, respectively, and σν obs i is the observational uncertainty of the ith mode.
In order to ensure that the model with the minimum χ 2 ν is picked out as a suitable candidate, the time-step of the evolution for each track is set as small as possible when the model evolves to the vicinity of the error-box of luminosity and effective temperature in the H-R diagram. This makes the consecutive models have an approximately equal χ 2 ν . As a result, we obtained more than 50 models which are listed in Tables 2 and 3 , classified according to whether the diffusion of elements is considered or not. Their positions in the H-R diagram are shown in Figure 2 . For the diffusion or non-diffusion models with a given δ ov , the model with a minimum χ 2 ν is chosen as the candidate that best fits the model. We thus obtained four models (M07, M14, M18, and M26) in which element diffusion is not considered and four other models (M30, M35, M40, and M48) in which it is considered. The echelle diagrams of these models are shown in Figures 3 and 4 . Tables 2 and 3 show that the values of χ 2 ν of the models M07, M14, M18, and M26 are generally smaller than those of M30, M35, M40, and M48. By comparing individual theoretical frequencies to the observed ones, the method of the χ 2 ν minimization seems to indicate that model M26 is the one best fit for HD 49933 because it has the minimum χ 2 ν . The echelle diagram of model M26 is also slightly better than those of other models. This seems to suggest that the overshooting of the convective core is needed for HD 49933, but that the microscopic diffusion may be unimportant. These results are consistent with those obtained by Benomar et al. (2010) . In addition, the mass of M26 is 1.20 M ⊙ which is also in agreement with the value of 1.19 ± 0.08 M ⊙ determined by Benomar et al. (2010) . However, Deheuvels et al. (2010) and Silva Aguirre et al. (2013) have pointed out that the most fitting model as found solely by matching individual frequencies of oscillations does not always properly reproduce the ratios r 01 and r 10 , i.e., the interior structure of the "best-fit model" may not match the interior structure of the star.
The Effect of Near
There is a well-known near-surface effect in heliosismology. A similar effect must occur as well in asteroseismology (Kjeldsen et al. 2008 ), which could affect results when one compares theoretical individual frequencies to observed ones. An empirical formula was proposed by Kjeldsen et al. (2008) to correct the near-surface effect for models of solar-like stars. When we calculated the values of χ 2 ν listed in Tables 2 and 3 , such a correction was not taken into account.
In order to understand the effect of the surface correction on all computed models, we calculated the chi squared after frequency correction (χ 2 νcorr ), using equations (6) and (2) of Kjeldsen et al. (2008) . For a given δ ov , the surface correction does not change the "best candidate" (see Table 2 and 3). However in overall and for models without diffusion, while a model with a 0.2 overshoot was favored (M14), a model with no overshoot is now favored (M07). Nonetheless, according to the theory of Kjeldsen et al. (2008) , one should also account of the correction factor r f to define the best model. The closer a reference model is to the best one, the closer to 1 is r f . In other words, the uncor-rected and corrected chi squared must be the same and small. The value of the correction factor r f is 1.00031 for M14, which among all our models, is the closest to one. For models with diffusion, we favor M48 because of its χ 2 νcorr and because r f = 1.00038. We therefore conclude that M14 and M48 are the best models that fit the observations.
ASTEROSEISMICAL DIAGNOSIS
The Frequency Ratios of Models
We calculated the ratios r 01 and r 10 of the observed and theoretical frequencies. Figure 5 shows that the observed r 01 and r 10 decrease with a frequency in the approximate range between about 1300 and 2050 µHz (hereafter labeled "decrease range"), but they increase with a frequency in the range between about 2050 and 2400 µHz (labeled "increase range"). The model M14 cannot reproduce the observed ratios r 01 and r 10 . However, models M26, M40, and M48 reproduce well the ratios in the decrease range. The same ratios of models M26 and M40 decrease in the increase range, which is inconsistent with the observed results; but those of model M48 increase slightly in the range between about 2100 and 2500 µHz. Although the ratios of M48 cannot reproduce the increase at high frequencies, the trend of increase is consistent with the behavior of the observed ratios. Furthermore, Figure 5 shows that the observed r 01 is slightly larger than r 10 in the decrease range, but smaller in the increase range. The ratios of M48 exhibit the same characteristics.
Models M26 and M48 have a large δ ov . The increase behavior of the frequency ratios at high frequencies might be related to the convective core, which can be significantly affected by overshooting parameter δ ov . Thus we constructed four models with a larger δ ov , i.e. M51, M52, M53, and M54. These reproduce not only the ratios in the decrease range, but also the increase behavior of the ratios at high frequencies (see Figure 6 ). In addition, the ratio r 01 of these models is larger than their r 10 at low frequencies, but smaller at high frequencies. The increase in the ratios r 01 and r 10 for these models is more obvious at high frequencies. The behavior of the increase could derive from the interior structure of stars.
Asymptotic Formula and Modification
Asymptotic Formula of Frequency Ratios
In order to better understand whether the increase behavior results from the structure of stars or not, we analyze the characteristics of the ratios by making use of the asymptotic formula of frequencies. That for the frequency ν n,l of a stellar p-mode of order n and degree l is given by Tassoul (1980) and Gough & Novotny (1990) as
for n/(l + 1 2 ) → ∞, where
and
In this equation c is the adiabatic sound speed at radius r and R is the fiducial radius of the star; ε and B are the quantities that are independent of the mode of oscillation, but depend predominantly on the structure of the outer parts of the star; r t is the inner turning point of the mode with the frequency ν n,l and can be determined by
ν 0 is related to the travel time of sound across the stellar diameter; A is a measure of the sound-speed gradient and is most sensitive to conditions in the stellar core and to changes in the composition profile (Gough & Novotny 1990; Christensen-Dalsgaard 1993) . Using this asymptotic formula, one can obtain 
Using ∆ν ≃ ν 0 , we can get
where
The quantity 1/ν n,1 decreases monotonically with the increase in frequencies. Thus, the sudden change in the ratios could result from the change in Aν 0 .
Characteristics Predicted by the Asymptotic Formula
The radial distributions of the adiabatic sound speed and the quantity Aν 0 of different models are shown in Figure 7 . The quantity Aν 0 increases with the decrease in radius and depends mainly on the conditions in the stellar core. According to equation (8), the higher the frequencies, the smaller the r t for modes with a given l. Thus the quantity Aν 0 increases with increasing frequencies. When the decrease of 2/ν n,1 cannot counteract the increase of Aν 0 , the ratio r 10 would increase with increasing frequencies.
Moreover, if changes in the ratios r 10 and r 01 are dominated mainly by the changes of 2/ν n,1 and (1/ν n,1 + 1/ν n−1,1 ) respectively, equations (13) and (14) show that the ratios decrease with increasing frequencies and that r 01 can be slightly larger than r 10 because (1/ν n,1 + 1/ν n−1,1 ) > 2/ν n,1 . This case happens at low frequencies because the lower the frequency, the larger the difference between 1/ν n,1 and 1/ν n−1,1 . However, if the changes in the ratios are mainly dominated by the changes of Aν 0 and the difference between 1/ν n,1 and 1/ν n−1,1 can be neglected, the ratios increase with the increase in Aν 0 , and r 01 would be slightly smaller than r 10 because the Aν 0 corresponding to ν n−1,1 is smaller than that corresponding to ν n,1 . This case occurs at high frequencies because the higher the frequency, the smaller the difference between 1/ν n,1 and 1/ν n−1,1 . These characteristics are similar to those of the ratios of the observed frequencies and the adiabatic oscillation frequencies of models M48, M51, M52, M53, and M54. Thus an increase could exist in the ratios of p-mode frequencies of a star, and it could be seen within the observed frequency range of the star, provided that the slope change is close to the frequencies of the maximum seismical amplitude (ν max ). Figure 7 shows that the quantity Aν 0 varies significantly with the stellar radius in the convective core, which may lead to the possibility that the ratios r 10 and r 01 increase with increasing frequencies. By making use of asymptotic formulas (8) and (13), our calculations show that the ratios of M07 exhibit an insignificant increase at high frequencies [see the dotted (blue) line in the panel M07 of Figure 8 ], which shows that the increase in ratios can be predicted by the asymptotic formulas despite the fact that the increase cannot match the observed one. However, the ratio of the adiabatic oscillation frequencies of M07 (the green dash-dotted line) does not exhibit a similar behavior.
Modification to the Formula
The value of r 10 and r 01 computed using the asymptotic formulas (13) and (14) strongly depend on the equation (8), which is obtained from the dispersion relation of p-modes. The dispersion relation is deduced from adiabatic oscillation equations with the conditions of Cowling approximation and local (constant coefficient) approximation (Unno et al. 1989 ). For stars with a convective core, there is a large gradient of chemical composition ∇ µ at the top of the core (see Figure 9 ), which leads to a sudden increase in the squared Brunt-Väisälä frequency N 2 . This results in the fact that the coefficient {h(r) = exp[
)dr]} of the adiabatic oscillation equations [(15.5) and (15.6) in Unno et al. (1989) ] strongly depends on radius r in this region; i.e. the coefficients should not be assumed to be constant. Thus relation (8) should be modified.
Moreover, the large ∇ µ might hinder the fact that p-modes transmit in the stellar interior. In other words, the equation (8) might underestimate the value of the turning point r t . Therefore, we modify relation (8) as
where the parameter f 0 is larger than one. For a given mode, the position of the turning point determined by equation (8) is deeper than that predicted by equation (16). Thus the frequency ratios computed by equations (13) and (8) are larger than those calculated by equations (13) and (16).
Calculated Results of Asymptotic Formula
Results of HD 49933
The observed r 10 has an increase at about 2050 µHz. If the increase is related to the convective core, we can use the asymptotic formulas (13) and (16) and the structure of model M48 to calibrate equation (16) and determine that the value of f 0 is 2.0. The solid (cyan) lines in Figure 8 show the computed r 10 using formulas (13) and (16). For M07, equation (16) predicts that modes with a frequency between 1000 and 2500 µHz cannot reach the convective core. Thus the ratio r 10 of adiabatic oscillation frequencies in this range does not exhibit increased behavior. For M26 and M52, Figure 8 shows that the ratio r 10 of adiabatic oscillation frequencies starts to increase at about 2400 and 2000 µHz respectively. Formulas (13) and (16) predict that modes with a frequency larger than about 2300 µHz for M26 and 1950 µHz for M52 can reach the convective core. Unfortunately, the ratio r 10 determined by formulas (13) and (16) does not reproduce directly the observed increase behavior.
Further Assumption and Results
In a convective region, there is no gradient of chemical composition; so the turning point should be determined by equation (8). Due to the fact that the quantity Aν 0 is mainly dependent on the conditions in stellar interiors, we assume that the turning point of the modes propagating out of the convective core is determined by equation (16) despite the fact that there is no chemical gradient in the outer layers of the radiative region, but that the turning point of the modes penetrated the convective core is determined by equation (8). These assumptions can result in two inferences. One is that the frequency ratios can increase suddenly near the frequencies whose corresponding turning points are located at the boundary of the convective core. The other is that the magnitude of the increase is equal to the difference between the ratios determined by equations (13) and (8) and those determined by equations (13) and (16) at the boundary of the convective core.
For model M48, according to formula (16), the turning point of the modes of about 2100 µHz is located at the boundary of the convective core. For the modes with frequencies larger than 2100 µHz, their turning points should be determined by equation (8) in the convective core. The value of r 10 determined by formulas (13) and (8) is about 0.0494 at around 2100 µHz, while that determined by formulas (13) and (16) is about 0.0323 for the frequency just less than 2100 µHz. The difference between these two values is about 0.017, which is compatible with the value of 0.019 of the increase of the observed r 10 at around 2100 µHz. A sudden change in the turning point of the consecutive ν n,1 seems unreasonable. Thus we assume that the overshooting region is a transition region between the radiative region and the convective core as determined by Schwarzschild criteria; that is to say, the value of f 0 changes from 2.0 to 1.0 in the overshooting region. The ratios r 10 computed according to this assumption are shown by the long-dashed (magenta) lines in Figure 8 . The magnitude of the increase of the r 10 between about 2050 and 2250 µHz is about 0.015 for M48, which is slightly lower than the observed value of 0.019. For M52, when the overshooting region is treated as a transition region, the magnitude of the increase in the r 10 between 1950 and 2150 µHz is also about 0.015.
Test by the Sun
There exists a gradient of the mean molecular weight in the interior of the Sun despite the fact that it is less than the gradient in stars with a convective core. Thus the calibrated equation (16) can be tested by the solar model and solar oscillation frequencies. We computed the ratios r 10 and r 01 of the Sun from the frequencies given by Duvall et al. (1988) and García et al. (2011) (see the panel a of Figure 10 ) respectively, and the values of the asymptotic r 10 for the solar model M98 (Yang & Bi 2007a) . The solid (red) line in the panel a of Figure 10 shows the r 10 computed using equations (13) and (8). The dashed (green) line represents the r 10 computed using equations (13) and (16), which is in good agreement with the observed r 10 between about 2000 and 3700 µHz for the frequencies calculated by Duvall et al. (1988) or between about 1500 and 4000 µHz for those calculated by García et al. (2011) .
However, the asymptotic formulas do not reproduce the observed r 10 when frequencies are larger than 4000 µHz. In this range, the value of the asymptotic r 10 is larger than that obtained from the frequencies of Duvall et al. (1988) , but lower than that obtained from those of García et al. (2011) . According to equation (16), the turning point r t of the modes of 4000 and 4800 µHz is located at about 0.082 and 0.069 R ⊙ , respectively. Panel b of Figure 10 shows that the quantity Aν 0 reaches the maximum at about 0.07 R ⊙ . Then the quantity decreases with decreasing radius; i.e., Aν 0 decreases with the increase in frequencies when the frequencies are larger than a certain value, which leads to the fact that the ratios of the modes propagating in this region could decrease more rapidly with the increase in frequencies. The discrepancy between the observed r 10 and the asymptotic r 10 at high frequencies could reflect that between the central structure of the solar model and that of the Sun.
The Influence of Near-surface Effects on the Ratios
In principle, the ratios r 10 and r 01 should not be sensitive to surface effects. In order to determine whether they are actually affected by such effects, we computed the ratios of the corrected frequencies of our all models. The ratio r 10 of the corrected frequencies of models M07, M26, M48, and M52 is shown in Figure 8 by the dash-triple-dotted (orange) line, which completely overlaps with the uncorrected one. Our calculations show that the ratios r 10 and r 01 are not affected by such effects.
DISCUSSIONS AND SUMMARY
Discussions
Silva Aguirre et al. (2011) argued that the slope of the ratios r 10 and r 01 depends simultaneously on the central hydrogen content (X c ), the extent of the convective core, and the amplitude of the sound-speed discontinuity at the core boundary. Brandão et al. (2010) also concluded that the relation between the slope of d 01 and the size of the jump in the sound speed at the edge of the convective core is linear. In our models, however, the slope seems not to depend directly on the central hydrogen content, the extent of the convective core, or the size of the jump in the sound speed. Model M26 has almost the steepest ratios in the observable range of frequencies (see Figure  8 ). However, its central hydrogen content and the size of its convective core are larger than those of model M07, though less than those of M48. At the same time the amplitude of the sound-speed discontinuity at the core boundary (see Figure 7) is less than that of M07, but larger than that of M48.
According to equation (13), due to the fact that 2/ν n,1 decreases with increasing frequencies, the slope of ratio r 10 is mainly affected by Aν 0 . If a mode did not arrive at the convective core, its Aν 0 could not be affected by that core. According to equation (16), the value of Aν 0 is about 28.7 µHz at 1300 µHz for models M07 and M26; but that value is about 40.7 µHz at 2400 µHz, whose corresponding turning point is located in the radiative region for M07. Thus the r 10 of model M07 only slightly decreases with the increase in frequencies and is not affected by the jump in the sound speed at the core boundary. For model M26, the value is 32.6 µHz at 2300 µHz, whose corresponding turning point is located just at the core boundary; in this case the jump in the sound speed at the core boundary affects the slope of r 10 of adiabatic frequencies.
The overshooting region is treated as a transition area between the radiative region and the convective core, which means that the mixing should not be a complete process in the overshooting region. This is consistent with the result that overshooting mixing should be regarded as a weak mixing process in stars (Zhang 2012 (Zhang , 2013 .
The distribution of r 10 obtained from the asymptotic formula has a shift, compared to the distributions of the observed r 10 (see Figure 8 ). This may suggest that there are some discrepancies between our models and HD 49933.
Moreover, the uncertainty of the observed ratios is relatively large at high frequencies, which is mainly due to the uncertainty of the l = 0 modes. Considering the large uncertainty, the increase of the ratios is not very significant. This may affect our interpretation on HD 49933.
In our calculations, only the models with a large convective core can reproduce the increase in the ratios r 10 and r 01 . For these models, the value of δ ov is around 0.6, which is larger than the generally accepted value. This may be why the behavior cannot be predicted by the models of Silva Aguirre et al. (2013) . Moreover, the surface rotation period of HD 49933 is about 3.4 days (Benomar et al. 2009b) , which is obviously lower than the approximately 27 days of the Sun. Rotation can lead to an increase in the convective core, which depends on the rotational mixing and rotation rate (Maeder 1987; Yang et al. 2013a ). Thus, the large core might be related to the rotation. In addition, the low-mass stars with mass more massive than about 1.25 M ⊙ have a shallow convective zone. Their angular momentum loss rate could be either lower than that of the Sun or neglected (Ekström et al. 2012; Yang et al. 2013a,b) . The rotation rate of such stars can obviously be higher than that of the Sun. The high rotation rate of HD 49933, therefore, suggests that its mass might be greater than 1.25 M ⊙ .
Summary
In this work, we constructed a series of models for HD49933. The increase behavior in the ratios r 10 and r 01 at high frequencies is not only reproduced by our models, but also predicted by the asymptotic formulas of the ratios. The increase in the ratios could exist for stars with a large convective core and derive from the fact that the gradient of chemical compositions at the bottom of the radiative region hinders the propagation of p-modes, while such a hindrance does not exist in the convective core. The asymptotic formulas of the ratios calibrated to HD 49933 reproduce well the solar ratios between about 1500 and 4000 µHz. At higher frequencies, the behavior of the ratios obtained from the frequencies of García et al. (2011) is contrary to that obtained from the data of Duvall et al. (1988) ; at the same time, the observed ratios cannot be reproduced by theoretical ratios.
When the characteristic of the increase in the ratios is neglected, the observational constraints point to a star with M = 1.20 −0.023 R ⊙ , α = 1.85 ± 0.05, and δ ov = 0.6 ± 0.2 for HD 49933, where the uncertainties correspond to the maximum/minimum values reached by the model parameters, for 1σ departures from the most probable value of the observational constraints. However, when that characteristic is used to constrain stellar models, the observational constraints favor a star with M = 1.28±0.01 M ⊙ , R = 1.458±0.005 R ⊙ , t = 1.83 ± 0.1 Gyr, r cc = 0.16 ± 0.02 R ⊙ , α = 1.85 ± 0.05, and δ ov = 0.6 ± 0.2. The characteristic of the increase in the ratios provides a strict constraint on stellar models and could be applied to determining the extent of overshooting and the size of the convective core. Moreover, in order to reproduce the characteristic of the increase in the ratios of HD 49933, the diffusion of chemical elements and the core overshooting are required. However, if the frequency ratios at high frequencies are not considered when compared to stellar models, the effect of element diffusion can be neglected when computing the models.
Stello, D., Chaplin, W. J., Basu, S., Elsworth, Y., Bedding, T. R., 2009 , MNRAS, 400, L80 Tassoul, M., 1980 , ApJS, 43, 469 Thoul, A. A., Bahcall, J. N., Loeb, A., 1994 Unno, W., Osaki, Y., Ando, H. et al. 1989 This 2-column preprint was prepared with the AAS L A T E X macros v5.2. (13) and (8). The solid cyan line depicts the ratio computed using equations (13) and (16). The long-dashed magenta line represents the one computed using equations (13) and (16) in the radiative region, but computed using equations (13) and (8) in the convective core, while the overshoot region has been treated as a transition region. The dash-triple-dotted orange line depicts the ratio for the corrected adiabatic oscillation frequencies. It overlaps with the uncorrected one. The BCC shows the boundary of the convective core. Table 2 : Parameters of models without diffusion. The models with the same δ ov are treated as a set. In each set, the model with a minimum χ 2 ν is highlighted by italics. The r cc shows the radius of the convctive core of a model. 
